DYSTROGLYCAN (DG or DAG1) is an integral component of the dystrophin glycoprotein complex (DGC) in skeletal muscle (1, 33) . The DGC plays a central role in stabilizing the skeletal muscle cell membrane and its contractile elements. Mutation or absence of individual DGC components renders the complex dysfunctional and results in muscular dystrophy (MD). DG forms a bridge from laminin, perlecan, and agrin in the basement membrane (BM) outside the cell to the actin cytoskeleton inside the cell via cytoplasmic components of the DGC, such as dystrophin in muscle and utrophin in epithelial cells (33) . Mammalian DG consists of two subunits, a heavily glycosylated extracellular ␣-subunit and a transmembrane ␤-subunit (19) . Both are the product of a single gene (Dag1) and a single mRNA and are derived from cleavage of a single precursor polypeptide.
Although there are no reported human DAG1 mutations, multiple human diseases have been linked to DG glycosylation defects resulting from mutations in enzymes that modify DG. These include Fukuyama congenital MD, muscle-eye-brain disease, Walker-Warburg syndrome, and some forms of limbgirdle MD (1, 3, 8, 15, 16, 32, 33) . The glycosylation defects reduce the affinity of DG for laminin and thereby impair DGC function (24, 57) .
Some important insights into DG's function have come from animal studies. Dag1 knockout mice die during early embryogenesis due to failure of extraembryonic Reichert's membrane formation, although the embryonic BM forms (56) . To circumvent this early lethality, a conditional Dag1 mutant allele was generated. Neural mutation recapitulates some of the abnormalities of congenital MD with mental retardation (38) . Deletions of Dag1 in skeletal muscle result in MD of varying severities, depending on the spatiotemporal properties of Cre expression (5, 21) . Schwann cell deletion results in myelination defects (6) .
DG is widely expressed in nonneuromuscular tissues (9) , where it interacts primarily with the utrophin glycoprotein complex (UGC), which is analogous to the DGC of muscle. DG expression is prominent in branched epithelia of kidney, lung, and salivary gland. However, its importance and function in epithelia have not been fully explored. C. elegans studies suggest that DG is important for normal epithelial development (23) , as its mutation results in a phenotype similar to those observed in laminin mutants (17) but dissimilar to other DGC mutant phenotypes. Dystroglycan depletion in Xenopus laevis larvae causes reduced pronephric tubulogenesis and renal agenesis, depending on the degree of depletion (2) . Additional studies implicated DG in mediating polarization of and signal transduction in mammary epithelial cells (29, 54) and Drosophila follicular epithelium (7, 49) , in repairing airway epithelium (55) , and in cancer (50) .
In developing kidney, DG function has been implicated in branching of the ureteric bud (UB). Culture of embryonic day 12.5 kidneys in the presence of DG-blocking antibodies caused a reduction in UB branching and resulted in small kidneys (10) . Studies using an analogous design with cultured embryonic lung and salivary gland resulted in similar findings (11) . DG has also been linked to maintaining the glomerular filtration barrier by influencing podocyte and foot process architecture. Podocyte DG has been suggested to be as important for podocyte adhesion to glomerular BM (GBM) laminin as is integrin ␣3␤1 (52). Normal DG expression and basal distribution are thought to be crucial for a normal filtration barrier. Podocyte DG expression is reduced or mislocalized in minimal change disease, but not in focal segmental glomerulosclerosis (13, 46) . Protamine sulfate perfusion of isolated kidneys results in redistribution of podocyte DG from the soles of foot processes to a diffuse pattern, accompanied by podocyte foot process effacement (25, 26) . In vitro studies showed that reactive oxygen species might cause deglycosylation of ␣-DG and reduce its affinity for ligand (51, 57) . Finally, DG clustering by fibronectin or biglycan results in increased cytosolic Ca that may alter the podocyte cytoskeleton and cause foot process effacement (52) .
While many of the aforementioned studies assigned a function for DG in renal cells, there is significant evidence against an important role for DG in the kidney. There are no reported kidney function abnormalities in either mouse or human mutants with impaired DG function due to glycosylation defects, although a recent report showed GBM thickening and podocyte foot process widening, but without albuminuria, in chimeric mice generated with fukutin-null embryonic stem cells (27) . Furthermore, the utrophin knockout mouse, even when combined with the dystrophin knockout, has normal kidneys (45) . This unexpected finding suggests that 1) other DGC/UGC proteins compensate for the absence of utrophin and dystrophin, 2) epithelial DG functions independently of UGC proteins, or 3) the UGC is dispensable for kidney formation and function.
Here, we directly studied DG's contribution to kidney formation and function by specific deletion of DG from podocytes, UB, metanephric mesenchyme (MM) derivatives, and from all renal epithelial cells using the Cre-lox system. Surprisingly, any mode of DG deletion from kidney yielded only mild or no phenotypes. A mild increase in urinary protein in males, but without an increase in urinary albumin, was the most prominent feature. Ultrastructural analysis showed only mild GBM thickening associated with the loss of DG from podocytes. Furthermore, DG-null podocytes and tubular cells did not show increased susceptibility to injury.
MATERIALS AND METHODS

Animals
Dag1
loxp/loxp animals (38) were obtained from Dr. K. Campbell. Podocin-Cre (2.5PCre) mice (37) (28) . Mice were maintained on a primarily C57BL/6J-CBA/J mixed strain background. Mice with either two loxP alleles or with one null and one loxP allele in the presence of Cre were used as mutants in the studies and gave similar results. Littermates with at least one wild-type allele were used as normal controls in all studies.
All mice were housed in a specific pathogen-free facility. The Animal Studies Committee of Washington University School of Medicine approved the experiments.
Immunofluorescence, Histology, and Electron Microscopy
The antibodies used are listed in Table 1 . For immunofluorescence studies, fresh kidneys were embedded in optimal cutting compound. Seven-micrometer fresh frozen sections were stained according to published methods (20) . Detection of ␤-DG in kidney with antibody 7D11 required urea-glycine treatment (36) .
For histology, tissues were fixed in 10% buffered formalin, followed by embedding in paraffin. Four-micrometer sections were stained with hematoxylin and eosin, periodic acid Schiff, and trichrome according to published methods. For electron microscopy, small pieces of kidney cortex were fixed in 2% paraformaldehyde, 2% glutaraldehyde in 0.1 M sodium cacodylate buffer. Tissues were dehydrated, embedded in plastic, and ultrathin sections were viewed by transmission electron microscopy as described (20) .
Renal Chemistries
Urine and serum were assayed using an automated analyzer (Roche Cobas Mira Plus). For urine SDS-PAGE, equal amounts of urine corrected for creatinine were run on 4 -20% gels. Gels were stained with Coomassie blue.
Injury Models
The LPS (purchased from Invivogen, San Diego, CA) (53) and adriamycin (purchased from Sigma, St. Louis, MO) (4) injury models have been described. For anti-glomerular antibody-mediated injury (41), we injected a total 1.25 g antibody/g body wt, divided on 2 consecutive days, into 5 control males, 7 mutant males, 3 control females, and 4 mutant females. Urine was collected before antibody injection and twice weekly afterwards. All mice were killed at the conclusion of 3 wk. Serum samples were obtained before the mice were killed. 
RESULTS
Mice with DG Deletion from Kidney Epithelial Cell Subsets Are Viable
DG deletion from podocytes. Considering the proposed importance of DG for podocyte function, we used the wellcharacterized podocin-Cre transgene to delete DG from podocytes. Immunostaining for either ␣-or ␤-DG showed complete absence of both from mutant podocytes as early as 2 wk of age ( Fig. 1A and data not shown). 2.5PCre mutant mice exhibited normal life spans.
DG deletion from MM derivatives. We deleted DG from both the nephron and stromal cell lineages at early time points using the Pax3-Cre transgene, which is expressed in the MM, as well as in several extrarenal tissues (21, 30) , but not in the UB. Immunostaining of kidneys from Pax3-Cre mutant mice showed efficient deletion of DG from the entire nephron (Fig.  1, B-E) , whereas UB derivatives [i.e., collecting ducts (CDs)] retained their normal DG distribution. This was confirmed by colocalization of DG with CD markers such as aquaporin-2 and cytokeratin-8 ( Fig. 1, F and G, and data not shown). Pax3-Cre mutant mice did not show significant early mortality, and some lived more than 15 mo. However, mutants weighed 20 -30% less than their control sex-matched littermates due to severe caudally restricted MD (21).
DG deletion from UB. Considering the proposed role for DG in UB branching (10), we utilized the HoxB7-Cre transgene to delete DG from the UB. HoxB7-Cre mutant mice were viable and had apparently normal kidneys. DG staining and colocal- . There were no significant differences in the intensity or distribution of nephrin staining and no change in podocyte number by WT1 staining. Antinidogen was used to label BMs.
ization with aquaporin-2 confirmed the lack of DG in CDs (Fig. 1, H-K) . HoxB7-Cre mutant kidneys did not show any significant abnormalities. Kidney size and morphology were normal. The life span of HoxB7-Cre mutant mice was normal. DG deletion from all renal epithelial cells. We utilized the Pax2-Cre transgene to delete DG from both the UB and from nephron progenitors. Pax2-Cre is also expressed in several extrarenal tissues (40) . Pax2-Cre mutant mice were viable for several months. There was a complete absence of DG from all kidney epithelial cells, with preservation of DG staining in vascular smooth muscle cells (Fig. 1, L-O) . Pax2-Cre mutants were 30 -50% smaller than their control littermates and died between 3-4 mo of age because of severe MD that involved all muscle groups, including the diaphragm. Further investigation showed expression of Pax2-Cre in all skeletal muscles (data not shown). Pax2-Cre mutant kidneys were small compared with control kidneys, but kidney/body weight ratios for Pax2-Cre mutants were higher than controls due to the severe MD.
Kidney Morphology and Glomerular Function
Surprisingly, mutant mice lacking DG in podocytes (due to deletion by Podocin-Cre, Pax3-Cre, or Pax2-Cre) showed no increase in albumin excretion compared with sex-matched control littermates. However, we did detect higher total protein/creatinine ratios in young male Pax3-Cre mutant mice between 2-6 mo of age (Fig. 2) . This difference decreased as the mice aged, and by 12 mo the protein/creatinine ratios approached the values observed in control males. Albumin excretion was also variable, with some mutant and control mice showing very low levels of albuminuria, as revealed by SDS-PAGE (data not shown). Blood urea nitrogen and creatinine levels in all mutants were similar to those in sex-matched littermate controls. Furthermore, conventional light microscopy revealed that all mutant kidneys exhibited normal overall architecture (Fig. 3, A and B) . Pax2-Cre and Pax3-Cre mutant kidney/body weight ratios were higher than controls (data not shown), which likely reflects the associated MD-induced weight loss.
Glomerular/Podocyte Phenotype
Kidneys with DG-deficient podocytes (using any of the relevant Cre transgenes) did not show any significant glomerular pathology (Fig. 3, C and D) . Electron microscopy did not show significant foot process effacement, slit diaphragm loss, or defective podocyte adhesion to the GBM; the only detect- able abnormality was a mild increase in GBM thickness without electron-dense deposits or lamination (Fig. 3, E-H) .
Immunofluorescence studies showed normal intensity and distribution of podocyte-specific markers such as podocin, nephrin, and synaptopodin in mutant glomeruli (Fig. 4, A and  B) . Podocyte cell number appeared to be normal by WT1 staining (Fig. 4, C and D) . GBM composition was normal, as indicated by the presence of the normal GBM laminin-521 (Fig. 5) . There was no significant accumulation of ectopic laminins (Fig. 5, A-H, laminin staining) or reduction in GBM agrin staining (data not shown). Furthermore, ␣3␤1 integrin staining using individual antibodies against the ␣3 and ␤1 subunits showed normal distribution and intensity in glomeruli (Fig. 5, I, J, M, and N) .
Podocyte DG/Integrin ␣3 Double Mutant Phenotype
Integrin ␣3␤1 is highly expressed in podocytes and is the most important laminin receptor in these cells (28, 44) . It is possible that DG also plays a role-perhaps a minor one-in mediating podocyte interactions with the GBM that is masked by the presence of integrin ␣3␤1 in the mutants discussed above. We therefore attempted to uncover a role for DG in podocytes by studying podocyte DG's contribution to glomerular phenotype in the absence of integrin ␣3. Itga3 Ϫ/Ϫ mice die at birth or shortly thereafter and exhibit a severely thickened and laminated GBM and impaired foot process formation.
Itga3
Ϫ/Ϫ ; Dag1 loxp/loxp ;2.5PCre mice lack integrin ␣3␤1 in all cells and also lack DG specifically in podocytes. Double mutants exhibited the same GBM thickening and lamination observed in Itga3 Ϫ/Ϫ mice (Fig. 6) . Furthermore, both Itga3
and Itga3
;2.5PCre podocytes showed similar foot process abnormalities (Fig. 6) . Because the overall glomer- (28), we conclude that DG does not play a significant role in podocytes, even in the absence of the major GBM-binding receptor.
Tubule Phenotype
Pax3-Cre and Pax2-Cre mutant kidneys, which lack DG in all MM derivatives and from all kidney epithelial cells, respectively, did not show any histopathology in the tubulointerstitial compartment (Fig. 3, A and B , and data not shown). Tubular BM composition and localization of the tubular cell integrins tested (integrins ␤1 and ␣6) were also unchanged (Fig. 5) .
Absence of DG and Susceptibility to Renal Injury
Despite the lack of pathology associated with DG deletion from podocytes and from tubular epithelial cells, we hypothesized that DG might still play an important role under pathologic conditions. To study a potential role for renal DG in the setting of injury/repair, we induced glomerular and/or tubular injury in Dag1 mutants using LPS (12, 31, 42, 53) , adriamycin (4, 47) , and antiglomerular antibody (41, 43) . We used Pax3- Fig. 7 . Spot urine total P/C (mg/mg) in control (Cont) and Pax3-Cre mutant (Mut) mice before (day 0) and at different time points (in days) after anti-glomerular antibody injury in all mice (A) and males only (B). There was a trend toward higher P/C in male mutant mice between 10 and 14 days. Graphs show total P/C from spot urine expressed as average Ϯ SD. Mutant males displayed higher P/C at 10 -14 days. The P value for the 10-day time point was 0.066 and for the 14-day time point was 0.0046. At the conclusion of 3 wk, P/C was not significantly different in males or females. . The phenotype of podocytes that lack both DG and integrin ␣3␤1 was not different from the phenotype of integrin ␣3-null podocytes. Both show foot process abnormalities, as well as a disorganized GBM with thickening and extensive lamination. Original magnification ϫ12,000.
Cre mutant mice, because the lack of DG in tubules (in addition to podocytes) might have unmasked a role for tubular DG in some aspect of kidney disease. Neither DG mutant podocytes nor tubular epithelial cells showed increased susceptibility to LPSinduced injury (data not shown). Moreover, the absence of DG from podocytes did not render them susceptible to adriamycininduced injury on the normally resistant mixed C57BL/6J ϫ CBA/J mixed strain background (data not shown).
Next, we induced injury using anti-glomerular antibodies given as two intraperitoneal injections on 2 consecutive days. We treated a total of 19 mice (see MATERIALS AND METHODS). Treated mice became proteinuric within 24 h after the first antibody dose. Proteinuria peaked at 7-10 days, with precipitous improvement afterwards in both mutant and control mice. When we considered all mice, proteinuria was not different between mutants and controls throughout the experimental period. However, we observed two different courses of proteinuria depending on the gender, but not on the genotype. Females showed a rapid improvement after the first week, and urinary protein/creatinine ratios returned to baseline after 14 days. In contrast, males showed a higher peak proteinuria that persisted longer (Fig. 7) . Furthermore, there was a trend toward higher protein/creatinine ratios in mutant males between days 10 and 14. By the conclusion of the study period (21 days), protein/creatinine ratios were still higher than baseline, but were nearly identical in controls and mutants. Blood urea nitrogen and creatinine levels were similar in mutants and controls at the conclusion of the study.
There were two mortalities in the group of seven injected male mutants; one occurred shortly after the first antibody injection, and the second at 2 days after the second dose. The cause of these deaths was unclear. All surviving mice were killed at 3 wk postinjections.
Glomerular phenotypes within each kidney varied widely, from normal to globally sclerosed (Fig. 8) . We also observed variable degrees of segmental glomerulosclerosis in 10 -15% of glomeruli (Fig. 8) . We noted the presence of proteinaceous tubular casts and mild tubular dilation. However, there were no significant differences between mutant and control kidneys, even in males. The extent of glomerulosclerosis (global and segmental) and tubulointerstitial injury was comparable for the mutants and controls. Expression of podocin, nephrin, and synaptopodin was not significantly different between mutants and controls; the vast majority of glomeruli showed a normal distribution of these podocyte markers, with few showing segmental and occasionally global reduction (Fig. 9) . Ultrastructural analysis revealed an expanded mesangium and segmental areas of foot process effacement in both mutant and control mice (data not shown).
DISCUSSION
DG's role in epithelial cells appears to have diminished through evolution from invertebrates, in which loss of DG causes clear epithelial phenotypes, toward mammals. In mammals, DG plays an important role in formation of Reichert's membrane, and the null phenotype is reminiscent of embryos lacking LM-111 (34) . However, after early embryogenesis, DG dysfunction causes primarily neuromuscular abnormalities. This likely stems in part from the increased complexity of extracellular matrix (ECM) proteins and their receptors (primarily integrins) that are used to mediate cell-matrix interactions in vertebrates (18, 22) .
In this study, we investigated DG's contribution to kidney formation and function. We expected to validate much of the published in vitro cell and organ culture data, injury model data, and observations in human proteinuric kidney diseases. To our surprise, DG deletion from the kidney epithelium throughout nephrogenesis seems to be without consequences. Kidney formation and function proceeded normally in the absence of DG, even when deleted from the UB and from MM derivatives early during development using Hoxb7-Cre, Pax2-Cre, and Pax3-Cre. DG deletion did not result in significant changes in BM laminin, one of its main extracellular matrix ligands. Furthermore, we were unable to detect compensatory changes in kidney epithelial cell integrins. To attempt to uncover a role for DG in GBM organization, we studied the effect of DG deletion in the absence of integrin ␣3␤1, the primary integrin in podocytes. Surprisingly, the glomerular phenotype in mice lacking both DG and integrin ␣3␤1 from podocytes was not different from the phenotype in integrin ␣3-null mice, suggesting that DG does not contribute to podocyte adhesion and that integrin ␣3␤1 is the main laminin receptor/BM organizer in podocytes.
These results are in stark contrast to previous reports obtained from cultured embryonic kidneys treated with DG blocking antibodies (10) . Our results also did not reveal any role for DG in podocyte differentiation and function, in contrast to conclusions drawn from animal injury models and from studying biopsies from proteinuric human kidney diseases. The glomerular filtration barrier developed normally in the absence of podocyte DG. DG-null podocytes had normal morphology without evidence of foot process effacement. DG-null podo- cytes showed normal immunostaining for podocyte markers such as podocin, nephrin, and synaptopodin and did not show increased susceptibility to three different types of injury.
Our results contradict published studies obtained using accepted scientific methods and reinforce the importance of validating both in vitro and observational data in a living organism. The culture of embryonic kidneys to study UB branching and patterning has been an important tool for studying kidney development and has produced important results that have shaped our current understanding of nephrogenesis. However, the use of blocking antibodies in organ culture may have consequences beyond the desired inhibitory activity. In addition, the ex vivo environment is harsh and does not replicate all aspects of normal development, so it is important to view it as a screening tool and to validate any results in vivo. Furthermore, conclusions drawn from human biopsies, while important, cannot differentiate between primary (causative) abnormalities and secondary changes.
Our negative results validate multiple observations from human and animal studies, which suggest the limited importance of DG and the UGC in epithelial cells under physiologic conditions, despite the near ubiquitous expression of multiple UGC proteins in epithelia. Furthermore, there is a fair amount of evidence showing that integrins are crucial ECM receptors in renal epithelial cells (28, 44) . DG was not sufficient to compensate and was not upregulated in association with podocyte-specific deletion of integrin ␣3␤1 (44) .
Some potential problems with our approaches should be mentioned. The Podocin-Cre transgene may not have been expressed early enough to remove all DG during podocyte development, as our recent data suggest (14) . However, both Pax2-Cre and Pax3-Cre are active in metanephric mesenchyme, so DG should be mutated in nephron precursors well before podocyte differentiation begins. Another issue is that Pax2-Cre and Pax3-Cre transgenes are widely expressed outside the kidney. Most surprising was the widespread expression of Pax2-Cre in skeletal muscles, which had not been previously reported. In that regard, the resulting MD and weight loss in Pax2-Cre and Pax3-Cre mutants might have clouded the picture, either by rendering kidney/body weight ratios less meaningful or by altering urinary protein excretion. Moreover, we have no clear explanation for the two Pax3-Cre mutant deaths after anti-glomerular antibody injection. We suspect at least one was the result of a technical problem, as it occurred immediately after the first injection. Although it is easy to speculate that the mortalities were the result of a more severe kidney injury due to the absence of DG, we have not been able to find evidence supporting a worse outcome in the surviving mutant animals. Nevertheless, it is possible that DG-null podocytes and tubular cells may still be more (or perhaps less) susceptible to other types of kidney injury.
